Abstract Over the years, the proteasome has been extensively investigated due to its crucial roles in many important signaling pathways and its implications in diseases. Two proteasome inhibitors-bortezomib and carfilzomib-have received FDA approval for the treatment of multiple myeloma, thereby validating the proteasome as a chemotherapeutic target. As a result, further research efforts have been focused on dissecting the complex biology of the proteasome to gain the insight required for developing next-generation proteasome inhibitors. It is clear that chemical probes have made significant contributions to these efforts, mostly by functioning as inhibitors that selectively block the catalytic activity of proteasomes. Analogues of these inhibitors are now providing additional tools for visualization of catalytically active proteasome subunits, several of which allow real-time monitoring of proteasome activity in living cells as well as in in vivo settings. These imaging probes will provide powerful tools for assessing the efficacy of proteasome inhibitors in clinical settings. In this review, we will focus on the recent efforts towards developing imaging probes of proteasomes, including the latest developments in immunoproteasome-selective imaging probes.
many important cellular processes. More recently, the importance of the immunoproteasome in cells has gained recognition [9] .
While the immunoproteasome is suggested to primarily function in generating optimal peptides for MHC class I antigen presentation, other studies have suggested its involvement in additional processes as well [9] [10] [11] [12] [13] . Additionally, expression levels of immunoproteasome catalytic subunits are aberrantly regulated in a variety of diseases, including neurodegenerative and autoimmune diseases as well as cancers [14] [15] [16] [17] [18] [19] . These findings have prompted the development of immunoproteasome-targeting inhibitors for treating these diseases, as well as for use as molecular probes to investigate immunoproteasome functions [17, [19] [20] [21] [22] . However, much about the detailed cellular roles of immunoproteasomes remains to be understood. These mysterious immunoproteasome functions have led efforts to develop chemical tools to facilitate the selective visualization of its active subunits [23] . In this report, we describe current advances in proteasome imaging probes.
From Activity-Based Proteasome Inhibitors to Imaging Probes
The mechanism-based binding of small molecule inhibitors to active site residues of enzymes has been exploited in the development of activity-based probes (ABPs), which facilitate functional studies of catalytically active proteasomes in complex biological samples. APBs can be generated by attaching a reporter group to a proteasome inhibitor which binds to the proteasome's catalytic threonine residues covalently and irreversibly. The reporter group facilitates the affinity purification of probe-bound proteins, or their visualization via in-gel fluorescence, western blotting, or fluorescence microscopy ( Fig. 2) . ABP-based approaches are superior to evaluating expression levels of proteasome subunits due to the presence of both inactive and active forms of these subunits within cells, which are detected indiscriminately using antibodybased approaches. For this reason, researchers have made considerable efforts to develop ABPs targeting the proteasome in recent years.
Most of the proteasome-targeting ABPs reported to date are derived from broad-spectrum proteasome inhibitors that generally inhibit all active proteasome subunits. In addition, several subunit-selective ABPs have been developed. Achieving a better understanding of how proteasome activity is regulated as well as the functions of distinct catalytic subunits of the proteasome will likely lead to improved clinical responses in patients treated with proteasome inhibitors, as well as to the identification of new therapeutic applications of these drugs.
The first peptide-based proteasome-targeting ABPs were reported by Bogyo and colleagues. Equipped with a vinylsulfone pharmacophore, which reacts with the proteasome's catalytic threonine residues via a Michael addition, along with a 125 I radiolabel, the ABP 125 I-NIP-L 3 VS paved the way for the subsequent use of peptide vinyl-sulfonebased probes to study the proteasome's catalytic activities [24] . In early studies, radiolabeled vinyl-sulfone-based probes were used, in combination with fluorogenic peptide substrates, to assign distinct catalytic activities to individual proteasome subunits [25, 26] . They were also used to gain insight into the impact of inhibitor substituents on their subunit binding preferences. These studies have led to the design of subunit-specific or broad-spectrum proteasome inhibitors [25] [26] [27] . In addition, a visualization marker such as biotin was added to these irreversible inhibitors to identify the composition of catalytically active subunits of proteasomes in cell extracts. For example, e-biotinyl lysine was added to the broad-spectrum peptide vinyl-sulfone inhibitor AdaAhx 3 L 3 VS to generate the biotin-labeled proteasome-targeting ABP AdaK(Bio)Ahx 3 L 3 VS [27] . This probe has been used for mass spectrometry-based identification of the active proteasome subunits modified Fig. 1 Representation of the 20S proteasome complex, which is composed of two outer a-rings and two inner b-rings, and an aerial view of b-rings containing either constitutive proteasome or immunoproteasome catalytic subunits. Aberrant regulation of the immunoproteasome is implicated in neurodegenerative diseases, autoimmune diseases, and cancers by Ahx 3 L 3 VS-based probes in Arabidopsis leaf extracts [28] , and in primary PBMCs isolated from a CLL patient in a study of proteasome activity patterns in samples from bortezomib-treated patients [29] . Additionally, this probe was used to confirm the b2/b2i-selectivity of the azidecontaining ABP az-NC-002 [30] .
Exchanging the N-terminal segment of AdaK(Bio) Ahx 3 L 3 VS [27] for the small dansyl-sulfonamidohexanoyl hapten gave rise to a cell-permeable analogue of this potent, broad-spectrum ABP [31] . Proteins bound by this probe can be detected by western blotting using antibodies against the dansyl moiety. This probe was the first of its kind to demonstrate the subunit binding preferences of bortezomib and the peptide aldehyde inhibitor MG132 in living cells [31] , and has subsequently been used to study the subunit binding selectivities of these inhibitors and others in living cells and in cell extracts [32, 33] . Interestingly, results using this probe consistently demonstrate that MG132 fully inhibits b2i but not b2, suggesting differences in the active site chemistry between these two highly homologous subunits [31, 33] . DansylAhx 3 L 3 VS was also used to show the concentration-dependent inhibition of active subunits in primary monocytes following incubation with bortezomib, to show the subunits targeted by bortezomib in PBMCs isolated from a bortezomibtreated patient, and to show that the levels of activity of proteasome catalytic subunits are variable in primary human leukemia samples [29] . In the same study, this probe was further used to examine whether proteasome activity patterns are associated with sensitivity to the cytotoxic effects of bortezomib [29] . DansylAhx 3 L 3 VS labeling also demonstrated the proteasome inhibitory activity of disease-associated prion protein aggregates [34] , and provided the first evidence of a relationship between Bcr-Abl transformation of cells and proteasome activity in cell line models of CML, in support of a proteasome-targeting therapeutic approach for treating CML [35] .
Finally, replacement of the dansyl moiety with the bright Bodipy TMR fluorophore afforded the cell-permeable activity-based fluorescent probe MV151 (Bodipy TMR-Ahx 3 L 3 VS) [36] (Fig. 3) . The Bodipy fluorophore allows sensitive in-gel detection of proteasome catalytic subunits modified by this probe as well as the ability to monitor proteasome activity in living cells by fluorescence microscopy. Additionally, MV151 effectively labels active proteasome subunits in vivo following intraperitoneal administration to mice. The utility of MV151 in examining the biodistribution of the boronic acid proteasome inhibitor MG262 was also demonstrated [36] . Like the previous radiolabeled and dansylated peptide vinyl sulfones, MV151 has also been used to evaluate the subunit binding preferences of both established and novel proteasome inhibitors, Fig. 2 Structural representation of an ABP, which is composed of a targeting sequence that directs the probe to the targeted enzyme, a reactive chemical warhead which binds irreversibly to the enzyme's catalytic residues, and a tag for identification or visualization of probe-bound enzymes. Biotintagged ABPs can be used for affinity purification and mass spectrometry-based identification of probe targets, as well as for visualization of these targets by streptavidin affinity blotting. Radiolabeled and fluorescent ABPs can be used to visualize target proteins by in-gel fluorescence. Additionally, cell-permeable fluorescent ABPs can be used to monitor enzyme activity in living cells or tissue samples via fluorescence microscopy Cell Biochem Biophys (2013) 67:91-101 93 the latter of which has resulted in the development of subunit-selective and broad-spectrum proteasome inhibitors and ABPs [28, 30, [37] [38] [39] [40] . Results from one of these studies indicated that caspase-3 inhibitors target the b1 subunit of the Arabidopsis proteasome, indicating the proteasome's involvement in programmed cell death in plants. This study also used MV151 to monitor proteasome activities during defense responses of Arabidopsis plants following exposure to benzothiadiazole, an activator of salicylic acid signaling [28] . Corroborating results obtained with the dansylated probe [29] , labeling of active proteasome subunits with MV151 demonstrated their elevated activity in bortezomib-adapted cell lines in comparison with the parental cell lines from which they were generated, as well as the residual activity of the targeted b1 and b5 subunits in the presence of a clinically relevant concentration of bortezomib in the bortezomib-adapted cells. This was the first report describing quantitative analysis of altered proteasome activity patterns in intact cells following adaptation to bortezomib [41] . Based on the successful development of MV151 and its broad applications, the same research group subsequently synthesized a series of fluorescent proteasome-targeting ABPs containing the H 2 NAhx 3 L 3 VS sequence to identify additional novel probes suitable for use in clinical settings. While the incorporation of different fluorescent dyes influenced the cell permeability and subunit binding specificities of the resulting probes, incorporation of the Bodipy FL fluorophore afforded a broad-spectrum ABP suitable for proteasome labeling in living cells [42] (Fig. 3) . Like MV151, this probe was shown to be amenable to microscopy and flow cytometry-based readouts. Probing proteasome activity of different mouse tissues using this probe revealed differential activities of individual active subunits among these tissues, demonstrating the organ-specific regulation of proteasome activity and supporting the presence of different proteasome subtypes. Bodipy FLAhx 3 L 3 VS was also used to evaluate the cellular effects of proteasome inhibitors in intact tissue segments [42] . Results from this study suggested that MV151 and the Bodipy FL-labeled probe could be used to assess the inhibitory action and efficacy of proteasome inhibitors in clinical settings. In fact, the use of a close analogue of this probe in a comparative study of bortezomib and the orally bioavailable second-generation boronic acid inhibitor delanzomib showed that, in a preclinical model of human multiple myeloma, bortezomib and delanzomib similarly inhibit the proteasome in normal tissues, while inhibition in tumor tissue was significantly enhanced by delanzomib in comparison with bortezomib [43, 44] .
From Natural Product Proteasome Inhibitors to Imaging Probes
The natural product proteasome inhibitor syringolin A (SylA) belongs to a class of proteasome inhibitors known as the syrbactins. Similar to peptide vinyl sulfone-based inhibitors, the syrbactins bind irreversibly to the proteasome's catalytic threonine residue in a Michael-type addition with their a,b-unsaturated amide. The fluorescent derivative, Rh-SylA, was generated by derivatization of SylA's free carboxyl group, a position at which SAR studies indicated could be modified without significantly reducing the potency of the resulting rhodamine-tagged probe [45, 46] (Fig. 4) . In investigating the potential utility of SylA as a therapeutic agent, Rh-SylA was used to further explore the proteins bound by SylA. In EL4 lysates, RhSylA was shown to specifically label both constitutive and immunosubunits through mechanism-dependent binding, with a high signal-to-noise ratio. The b5 subunit was found to be the preferential target of this probe, followed by the b2 subunit, while binding to the b1 subunit required higher concentrations. This subunit selectivity differs from that of the b5/b1-selective inhibitor bortezomib-a property that could prove useful in overcoming bortezomib resistance mechanisms. Like other proteasome-targeting ABPs, RhSylA demonstrated utility in determining the subunit binding selectivities of proteasome inhibitors and, like dansylAhx 3 L 3 VS and MV151 [29, 41] , Rh-SylA can be used to visualize differences in activities of proteasome catalytic subunits in lysates from parental and bortezomibadapted cell lines [46] . This probe was also used to investigate the subcellular targeting of SylA via confocal microscopy and in-gel fluorescence readouts [47] . An inactive Rh-SylA derivative lacking the Michael ring system was used to demonstrate that nuclear accumulation of Rh-SylA resulted from its mechanism-based proteasome binding in this organelle [47] .
Epoxomicin is another natural product proteasome inhibitor that has been successfully derivatized to produce imaging probes of proteasomes. Initially, biotin-tagged epoxomicin was created to investigate the antitumor mechanism of epoxomicin. Subsequent to the identification of the proteasome as the selective target of epoxomicin, this peptide epoxyketone natural product has been extensively exploited as a molecular probe [48] . For example, biotinylated epoxomicin was used to screen a small library of peptide epoxyketones, leading to the identification of the first b1i-selective inhibitor, UK-101 [20] . In addition, three epoxomicin-derived fluorescent ABPs were reported. These probes, which were generated by the chemoselective labeling of an azido-functionalized epoxomicin analogue with three different acetylene-functionalized BODIPY dyes via the copper (I) catalyzed Huisgen 1,3-dipolar cycloaddition, or ''click'' reaction, were shown to label active proteasome subunits in EL4 lysates [46] (Fig. 4) . All of these probes were also shown to be cell-permeable and therefore capable of labeling proteasomes in intact EL4 cells [38] . In a more recent study, one of these probes was used to demonstrate Rh-SylA's specificity toward the proteasome and mechanism-dependent binding [45] . Biotin-BODIPY-epoxomicin and BODIPY-epoxomicin, together with biotin-BODIPY-Ahx 3 -L 3 VS and MV151, have also been used to show that the thymoproteasome subunit b5t is catalytically active, and to demonstrate that the substrate/inhibitor sequence preferences of this subunit differ from those of b5 and b5i. This provided evidence in support of the involvement of b5t in producing peptides for positive selection of T cells [49] .
Additionally, BODIPY-epoxomicin was used to study the inhibition of Arabidopsis proteasomes by SylA [47] . This probe, as well as its azide-and biotin-containing analogues, is more specific for catalytic proteasome subunits than MV151, which also targets papain-like cysteine proteases [28, 47] . Both MV151 and BODIPY-epoxomicin have been shown to preferentially target b5 but label all catalytic subunits of the Arabidopsis proteasome. Biotinylated BODIPY-epoxomicin was used to demonstrate that SylA preferentially binds b2 and b5 in Arabidopsis leaf extracts. These results demonstrated the value of epoxomicin-based imaging probes in demonstrating that the Michael ring system plays a critical role in the activity of SylA, as expected based on the proposed binding mechanism [50] , and that the L-configuration of the valine at position 1 of SylA is required for its b2 selectivity. Together with Rh-SylA, BODIPY-epoxomicin was used to investigate the subcellular targeting of SylA via confocal microscopy and in-gel fluorescence readouts [47] .
Proteasome Imaging Probes from Two-Step Reactions
To circumvent the potential cell-impermeability and altered binding affinities resulting from direct attachment of biotin or fluorophores to inhibitory compounds, two-step labeling strategies have been developed (Fig. 5) . In these approaches, probes tagged with small functional groups (e.g., azide, alkyne) are first incubated with living cells, resulting in covalent modification of the targeted proteins. Following cell lysis and denaturation of cellular proteins, this functional group is utilized as a ligation handle to attach a reporter group in a bioorthogonal reaction. A cellpermeable azide-containing active site probe, ''azide-containing proteasome inhibitor 2'' (AdaAhx(a-N 3 )Ahx 2 L 3 VS), targeting all six catalytic subunits of the constitutive proteasome and immunoproteasome, was the first proteasome-targeting ABP designed for use in a twostep labeling procedure [51] . Treatment of cells with this probe resulted in covalent modification of all active proteasome subunits, and, following lysis and denaturation of cellular proteins, addition of a biotinylated phosphane reagent allowed selective modification of the azido groups in a Staudinger-Bertozzi ligation [51] . Similarly, using a bifunctional azido-BODIPY acid derivative, vinyl sulphone pharmacophore-based imaging probes were prepared for one-and two-step labeling. While both the onestep probe, biotin-BODIPY-Ahx 3 -L 3 VS (Fig. 3) , and the two-step probe, N 3 -BODIPY-Ahx 3 -L 3 VS, appeared to be about equally effective in labeling active subunits in EL4 cell lysates, differences were observed in labeling in living EL4 cells, with N 3 -BODIPY-Ahx 3 L 3 VS being more efficient, most likely reflecting its enhanced cell permeability. This demonstrates the benefit of the two-step labeling approach. Furthermore, the efficiency of two-step labeling was shown to solely depend on the interaction of the probe with the active proteasome subunits and not on the second ligation step [52] . The targets of the two-step probe were determined in living plant cells. Extracts from probe-treated cells were incubated with biotin-alkyne, and subsequent purification of biotinylated proteins revealed that, aside from proteasome catalytic subunits, the papain-like cysteine proteases RD21 and RD19A and RD19B were also targets. Competition assays with N 3 -BODIPY-Ahx 3 L 3 VS confirmed epoxomicin as a proteasome-selective inhibitor and E-64d as an inhibitor selectively targeting papain-like cysteine proteases, but the alleged proteasome-selective inhibitor MG132 was found to preferentially inhibit papain-like cysteine proteases rather than the proteasome [53] .
Subunit-Selective Imaging Probes
As expression levels of catalytic proteasome subunits in cancer cell lines are highly variable, recent research efforts have been made to dissect the function of each catalytic subunit. Over the past few years, several subunit-specific chemical probes have been developed (Fig. 6) . For example, ''azide-functionalized inhibitor 5'' (N 3 AcAPNleLVSPhOH), a cell-permeable, C-L-specific inhibitor, was developed to facilitate two-step labeling of the subunits responsible for this activity in living cells via a StaudingerBertozzi ligation. In RPMI 8226 human multiple myeloma cells, detection of proteasome subunits labeled by this method via fluorescently labeled streptavidin revealed preferential labeling of b1i at low inhibitor concentrations, and labeling of both b1i and b1 at higher concentrations. At the concentrations used, no off-target proteins were detected on a 2D gel. This probe can be used for functional studies of C-L subunits [54] . In a similar approach, incorporation of an azido group into a b5/b5i-selective epoxyketone-based inhibitor gave rise to a two-step ABP targeting these subunits. Treatment of RPMI 8226 multiple myeloma cells with az-NC-005, followed by cell lysis and incubation with an azido-reactive biotinylated phosphane to facilitate a Staudinger-Bertozzi ligation, demonstrated that this probe selectively labels b5/b5i. At higher concentrations, az-NC-005 also labels b2, b2i, b1, and b1i [55] . Similarly, a b1/b1i-selective probe was developed based on the inhibitor NC-001. Az-NC-001 was shown to be highly selective for these subunits in RPMI 8226 cells, both based on streptavidin affinity blotting in whole cell lysates and immunoblotting with subunit-specific antibodies following affinity purification of probe-bound proteins [55] . Az-NC-001 was also used, along with a norbornenefunctionalized b5-selective probe and an alkyne-functionalized epoxomicin-based ABP, to independently label b1, b2, and b5 with different reporter groups (BodipyTMR, BodipyFL, and biotin) in a single sample. This labeling strategy employed a tetrazine ligation, Staudinger-Bertozzi ligation, and copper(I)-catalyzed Huisgen [2?3] cycloaddition (''click'' reaction), and was the first reported application of a tetrazine ligation to such an approach [56] .
To further evaluate the selectivity of newly developed inhibitors of the proteasome's trypsin-like activity, the twostep ABP az-NC-002 was synthesized. Following incubation of NCI-H929 cells with this probe, cell lysis, and introduction of the azido-reactive biotinylated phosphane to initiate Staudinger-Bertozzi ligation, western blotting showed that the major target labeled by az-NC-002 was b2, and b2i was labeled more weakly [30] . Likewise, b1-and b5-selective activity-based fluorescent probes (Fig. 6 ) containing BODIPY fluorophores were demonstrated to selectively label their targeted subunits in both HEK293T cell lysates and living HEK293T cells, which express only constitutive proteasomes. Importantly, these subunitselective imaging probes have the ability of simultaneously labeling their targeted subunits in cell lysates, allowing two-color imaging. This improved resolution over labeling with broad-spectrum proteasome ABPs, following which the b1 and b5 subunits are typically difficult to resolve on an SDS-PAGE gel [39] .
Immunoproteasome-Selective Imaging Probes
While the subunit-selective ABPs described thus far selectively target b1-type, b2-type, or b5-type subunits, they are limited by their inability to discriminate between the targeted constitutive proteasome subunit and its immunoproteasome counterpart. Probes that selectively target the constitutive or immunoproteasome subunits are essential for gaining insight into the functions of these distinct proteasome subtypes.
The first fluorescent, b1i-selective ABP, UK101-Fluor, was developed by derivatization of the b1i-selective inhibitor UK-101 [20] to introduce a fluorescein moiety at the P2 position [57] (Fig. 7) . This position was chosen based on molecular modeling studies, which indicated that the P2 alanine side chain of UK-101 does not interact directly with the substrate binding pocket of the b1i subunit [58] . Indeed, the P2 position was successfully modified to allow introduction of fluorescent groups while maintaining the b1i binding selectivity of the parent compound. Competition assays with unlabeled UK-101, as well as the markedly reduced fluorescent signal observed following shRNA-mediated knockdown of b1i, demonstrated that UK101-Fluor maintained its b1i selectivity. This probe enabled the subcellular localization of catalytically active b1i to be assessed using fluorescence microscopy. Due to the high expression levels of this subunit in multiple types of cancer [17, 20, 59] , we also developed a near-infrared (NIRF) probe by replacing the fluorescein group of UK101-Fluor with the BODIPY 650/665 fluorophore for use as a non-invasive imaging probe in animal studies [57] (Fig. 7) . The utility of this probe in allowing the selective detection of b1i in living cells was demonstrated by both in-gel fluorescence and fluorescence microscopy. This probe may therefore be used to evaluate b1i levels in tumor tissues. Additionally, with b1i serving as a potential tumor biomarker, UK101-B660 may serve as an imaging probe for cancer screening or for monitoring disease progression.
Using a similar approach, the b5i-selective inhibitor IPSI served as a lead compound in developing the b5i-selective fluorescent ABP LKS01-B650 [60] (Fig. 7) . Western blotting, in-gel fluorescence, and fluorescence microscopy analysis demonstrated that LKS01-B650 selectively targets b5i and can be utilized to monitor the subcellular localization of this immunoproteasome subunit. Additionally, substantial colocalization of fluorescent signals from LKS01-B650 and UK101-Fluor further demonstrated that LKS01-B650 selectively targets catalytically active b5i in the context of the fully assembled immunoproteasome complex in living cells. This probe can therefore be used in functional studies of the immunoproteasome in disease states. Like UK101-B660, the NIRF fluorophore of LKS01-B650 enables the use of this probe in monitoring the subcellular localization of catalytically active b5i in in vivo studies. 
Perspective
Our understanding of the function of proteasomes has advanced over past two decades due, in large part, to the available proteasome inhibitors. Despite these advances, there is a remaining need for imaging probes that allow proteasome functions to be monitored in living cell models as well as in in vivo settings. In recent years, a new class of probes that selectively target the immunoproteasome has provided powerful tools for investigating immunoproteasome biology. It is clear that imaging probes selectively targeting the constitutive proteasome or immunoproteasome are valuable for investigating the distinct functions of these subtypes in both in vitro and in vivo settings. Functional studies with immunoproteasome-targeting imaging probes are expected to make great contributions towards deciphering the cellular roles of immunoproteasomes.
